Context. The "mass discrepancy" in massive O stars represents a long-standing problem in stellar astrophysics with far-reaching implications for the chemical and dynamical feedback in galaxies. Aims. Our goal is to investigate this mass discrepancy by comparing state-of-the-art model masses with model-independent masses determined from eclipsing binaries. Methods. Using stellar evolution models and a recent calibration of stellar parameters for O-star spectral sub-classes, we present a convenient way to convert observed solar metallicity O star spectral types into model masses, which we subsequently compare to our dynamical mass compilation. We also derive similar conversions for Large and Small Magellanic Cloud metallcities. Results. We obtain a good agreement between model and dynamical masses, suggesting the long-standing problem of a systematic mass discrepancy problem may have been solved. We also provide error ranges for the model masses, as well as minimal and maximal age estimates for when the model stars are in a given spectral type box.
Introduction
The most basic parameter of a star is its mass. Knowledge of this most fundamental parameter is of utmost importance for basically all of astrophysics. For massive O stars, reliable mass determinations have turned out to be particularly challenging. For over two decades there has been a "mass discrepancy" where O-star masses derived from evolutionary models (M evol ) were found to be systematically higher than those derived from stellar atmosphere analyses (M spec ) by up to a factor ∼2 (Groenewegen & Lamers 1989; Herrero et al. 1992) . Even two recent studies still report a significant mass discrepancy for non-enriched O-type stars in the Large Magellanic Cloud (LMC, Mokiem et al. 2007 ) and the Milky Way (MW, Hohle et al. 2010) .
Over the last few decades, four alternative methods to determine O star masses have been developed: -evolutionary masses (M evol ) -spectroscopic masses (M spec ) -wind masses (M wind ) -dynamical masses (M dyn ).
In the first method, one places the luminosity (or absolute magnitude) and effective temperature (or colour) in a Hertzsprung-Russell diagram (HRD) and compares the positions of the stars with theoretical stellar evolution models.
The second way comprises the use of stellar spectroscopy: via the Stark broadening in spectral lines, one can derive log g and subsequently the mass M spec . For O stars, this method is highly complex, because stellar winds have a severe influence on the underlying model atmospheric structure (e.g. Gabler et al. 1989; Hillier 1991) .
In the meantime, a third method to determine O star wind masses M wind had been put forward (Groenewegen & Lamers 1989 ; Kudritzki et al. 1992) . This method employs the radiationdriven theory (e.g. Castor et al. 1975) , which relates the terminal wind velocity to the stellar escape velocity. Kudritzki et al. (1992) and Herrero et al. (1992) found good agreement between their spectroscopic and wind masses, and suggested that the evolutionary masses were systematically too large. Although there was indeed no particular reason to expect that evolutionary masses should be correct -given the large number of uncertainties in the underlying physical input (e.g. mass loss, overshooting, rotation, and magnetic effects) -the evolutionary calculations seemed to reproduce the observed O-star properties rather well (Hilditch et al. 1996) . Subsequent work by Burkholder et al. (1997) , who tried to derive masses from binary dynamics (M dyn ), suggested that the evolutionary masses were at least of the right order of magnitude, thereby challenging the spectroscopic masses, which were significantly lower at the time.
The best argument to trust the spectroscopic masses was their independent agreement with wind masses based on radiation-driven wind theory. This was not always the case as in the 1990s, there was also a systematic discrepancy between mass-loss rates predicted by wind theory and observations (Lamers & Leitherer 1993; Puls et al. 1996) . This situation changed when Vink et al. (2000) presented new wind models including multiple-scattering. These models no longer show the systematic discrepancy with empirical rates 1 . Although the good agreement reached between these new mass-loss predictions and the empirical rates -using the evolutionary rather than the spectroscopic masses -could have been coincidental, the additional 1 Although it is currently debated whether the absolute values of these mass-loss rates are of the right order of magnitude. Some recent studies have called for a fundamental reduction in O-star mass-loss rates as a result of wind clumping (Bouret et al. 2005; Fullerton et al. 2006) . compatibility between evolutionary and dynamical masses, resulting in an agreement between three methods, led to the suspicion that it was most likely the spectroscopic masses that were the main culprit for the mass discrepancy. Lanz et al. (1996) had already suggested that the neglect of line-blanketing could cause M spec to be underestimated, and subsequent improvements resulted in a new calibration of Galactic O-star parameters by Martins et al. (2005, hereafter MSH05) . These state-of-the-art non-local thermodynamic equilibrium (NLTE) models include both mass loss and lineblanketing. In the meantime, the effects of stellar rotation were included in the Geneva evolutionary models (Meynet & Maeder 2003) , and below we will indeed confirm that the evolutionary masses now agree with the spectroscopic ones. This should be considered a major triumph for the formidable task of including full Fe line-blanketing in the atmospheric models (e.g. Hillier et al. 2003) .
Nevertheless, given that both the Geneva evolutionary masses and the MSH05 calibration include the same Vink et al. (2000) mass-loss rates, even an agreement with the wind masses could be a coincidence involving complex model interdependencies, and it is by no means certain they should be correct. It thus remains crucial to check our model masses against modelindependent ones.
The only known model-independent masses so far are the dynamically derived ones: M dyn . This method is only applicable to binary stars. Usually, careful determination of the orbital parameters of a system allows one to obtain the mass ratio of the two stars, as the orbit inclination relative to Earth is generally unknown. Only for eclipsing binaries, the inclination is well-enough constrained to be able to measure absolute stellar masses. Unfortunately, stars eclipsing each other are very rare, and the search for these systems comprises an important endeavor to calibrate and verify evolutionary models. In this paper we provide a compilation of dynamical masses derived from eclipsing binaries. Only very few eclipsing binaries are known that composed of at least one massive star 2 . All of these are challenging to study because they are distant and, as most or probably all massive stars are born in star clusters (Adams & Myers 2001; Lada & Lada 2003; Allen et al. 2007) , in very crowded regions of the sky. Nonetheless, a growing sample of eclipsing O stars is known, and we intend to use these to calibrate a relation between the spectral type of an O star and its present-day mass. Such a relation allows us also to calibrate the masses of O stars that are not part of an eclipsing binary system, i.e. the vast majority! In Sect. 2 the spectral classification of O stars is discussed, while in Sect. 3 the mass determinations from eclipsing binaries and spectroscopic masses are presented. The results of this study follows in Sect. 4, and a summary is provided in Sect. 5. The stellar evolution models used and our interpolation scheme for additional intermediate model masses is described in appendix A. Furthermore, a large table is provided in the appendix B, which shows the spectral type evolution of the different stellar models used (on-line only).
Spectral classification of massive stars
Traditionally, O star spectral types are divided into sub-types from O3 to O9, with 0.5 steps (but without the sub-types O3.5 and O4.5). These are observationally defined by the relative strength of the HeI to HeII lines (Conti & Alschuler 1971) . Walborn et al. (2002) additionally defined the early O2, O2.5 and O3.5 subtypes, but because the O2 sub-type classification involves the nitrogen (N) sequence rather than the He sequence, these additional sub-types are not (yet) universally accepted. For instance, MSH05 do not use them. For numerical simplicity, we employ the range of sub-types O2 to O9.5, divided into bins of 0.5 width, and with luminosity classes: V (main-sequence), III (giant), and I (supergiant).
These sub-type-luminosity-classes (from now on spectral type boxes) are defined by six vertices each, the four corner points and the mean values between the central points of each box. Each vertice is described by a luminosity and a T eff . Panel MW of Fig. 1 shows these boxes for the solar metallicity grid. The central points of the boxes (marked with crosses) are the new O star spectral type calibrations by MSH05. Table 1 shows the values of the vertices for the solar metallicity spectral boxes. As the subtypes O3.5 and O4.5 are not provided by MSH05, the corresponding values (shown as black dots in Panel A of Fig. 1 ) are derived by interpolation between O3 and O4, and O4 and O5, respectively. For the O2 and O2.5 subtypes, which are not used by MSH05, their results are extrapolated to these classes (open circles in Panel A of Fig. 1 ). The following fits to their theoretical T eff calibration are used to define the T eff values for O2 and O2.5 for the three luminosity classes:
were S T is the spectral subtype. With these T eff values and MSH05 Eqs. (3), (4) and (5), the corresponding luminosities are calculated. The upper limit for the supergiants is set by the empirical hot edge of the Luminous Blue Variables (LBV) from Smith et al. (2004) log 10 (L LBVmin ) = 2.2056·log 10 (T eff )−3.7737. If a star is above this line it is regarded to be an LBV. The lower limit is somewhat arbitrarily set as a parallel line to the luminosity class V, shifted towards higher temperatures. The border between the O9.5 and B0 subclasses is set by the B0 definitions from Zorec et al. (2009) for the T eff and the luminosities from Searle et al. (2008) . Whenever a star is earlier than O2, it is designated O2.0 If * in the Tables 4 to 7 and 9 . Naturally, such a scheme is not to be expected to be in full compliance with how the spectral indices for O stars change with T eff . To compensate for this, a general error of 1000K is assumed for all T eff values used.
About one third of the stars with dynamical mass estimates (Table 2) are located in the LMC. This dwarf galaxy has a considerably lower metallicity than solar (z LMC ≈ 0.008, van den Bergh 2000) and therefore solar metallicity spectral definitions and evolutionary models might not represent these stars well. Especially the T eff scale of LMC metallicity stars is well above solar metallicity ones (Evans 2009 ). As a comprehensive study of O type spectral classes like MSH05 does not exist for LMC metallicity stars, the sample of LMC O and early B-type stars of Mokiem et al. (2007) is used to fit the following relations between T eff and log 10 (L) for LMC metallicity O stars.
Class I (LMC) : T eff = 50597 − (S T * 2197) Class III (LMC) : T eff = 53713 − (S T * 2432) (2) Class V (LMC) : T eff = 56143 − (S T * 2437).
Class I (LMC) : log 10 (L) = 6.269 − (S T * 0.08698) Class III (LMC) : log 10 (L) = 6.170 − (S T * 0.11850) (3) Class V (LMC) : log 10 (L) = 6.073 − (S T * 0.12877).
The resulting spectral type grid is shown in Table 1 and as Panel LMC of Fig. 1 .
While there are no eclipsing binaries in Table 2 with SMC metallicities (z SMC ≈ 0.004, van den Bergh 2000), a recent T eff calibration for O stars in the SMC does exist (Heap et al. 2006) . Their data are used to derive the following T eff and luminosity relations in dependence of the spectral subtype.
Class I (SMC) : T eff = 48000 − (S T * 1857) Class III (SMC) : T eff = 47456 − (S T * 1715) (4) Class V (SMC) : T eff = 51660 − (S T * 2092), Class I (SMC) : log 10 (L) = 6.258 − (S T * 0.09048) Class III (SMC) : log 10 (L) = 6.216 − (S T * 0.10763) (5) Class V (SMC) : log 10 (L) = 5.750 − (S T * 0.08798).
Like in the other two cases the spectral type grid is included in Table 1 and it is shown in Panel SMC of Fig. 1 . As is visible in Fig. 1 and Table 1 , the SMC T eff grid is shifted to lower temperatures compared to the LMC grid. The reason for this is non-trivial, and deserves a thorough analysis using SMC metallicity NLTE atmospheres, which is beyond the scope of this paper. Note that the Heap et al. (2006) sample only includes one star with a spectral type earlier than O4. This star is not included in the relations, but the relations are used from O2 to O9.5.
In order to assign a certain spectral subtype and luminosity class to a specific evolutionary point in time, stellar evolution models from Meynet & Maeder (2003) (see also appendix A) are followed throughout the T eff -L-diagram. This is visualized in Fig. 2 , where the luminosity-and T eff -evolution for six rotating as well as non-rotating stellar models from 20 to 120 M ⊙ (Meynet & Maeder 2003) are plotted (rotating models as dashed lines and non-rotating ones as dotted lines). In this figure, only the part of the evolution before the Wolf-Rayet (WR) stage is depicted. Objects that are still assumed to be core hydrogen are classified as WNL stars (Hamann et al. 2006) . However, we note that the WNL classification is only used in appendix B. The present-day mass of a model during its evolution through a spectral subclass is from now on referred to as evolutionary mass (M evol ). Table 4 shows the new spectral type mass conversion, based on solar metallicity rotating evolutionary models from 10 to 120 M ⊙ (Meynet & Maeder 2003) . The rotating models have initial rotational velocities (v rot ini ) of 300 km/s, which results in v rot during the Main-Sequence evolution of 180 to 240 km/s. These velocities are within the range observed for O stars (Mokiem et al. 2006) . A table with non-rotating models is provided as Table 5 . As the Meynet & Maeder (2003) models only provide a limited mass resolution, a special interpolation routine (described in detail in appendix A) is deployed in order to provide a mass resolution down to 1 M ⊙ . For LMC metallicity Meynet & Maeder (2005) provide only four models (30, 40, 60 and 120 M ⊙ , all rotating with 300 km/s), two additional models (15 and 20 M ⊙ ) are taken from the Padova group (Bertelli et al. 2009 ). The resulting spectral type mass conversion for LMC metallicity stars is shown in Table 6 . For SMC metallicities, Meynet & Maeder (2003) only include three (all rotating) models (40, 60 and 120 M ⊙ ). Again, two models are added here (15 Smith et al. (2004) . All interpolations are derived by calculating mean values in linear space. Panel LMC shows the LMC metallicity grid derived from Mokiem et al. (2007) and panel SMC the one for SMC metallicity obtained from Heap et al. (2006) . and 20 M ⊙ ) from Bertelli et al. (2009) in order to derive a spectral type mass conversion ( Table 7) .
The masses shown in the Tables 4 to 7 are all weighted by the duration of the models in each spectral class. The errors are assigned by using the most-and least-massive model entering the spectral class. As mentioned before, each spectral class has an assumed error in T eff of 1000 K. The minimal and maximal start and end ages give the range of possible ages for the stars in a spectral-class box. The advantage of using this method is the consistent application of observational constraints for the different evolutionary phases on one set of stellar evolution models. This allows one to place more constraints for the stars in a certain spectral class on the range of their initial and present-day masses.
A number of other mass estimates for spectral types exist in the literature, e.g. Vacca et al. (1996) and Hanson et al. (1997) , but only the most recent one by MSH05 is used here. These models provide spectroscopic stellar masses that are derived from the stellar luminosity, L, and T eff of NLTE stellar atmosphere models through
where G equals Newton's gravitational constant, and g is the gravitational acceleration of the star at radius R:
where σ R is the Stefan-Boltzmann constant. Martins et al. (2005) provide two mass estimates, one for a theoretical T eff cal- ibration (m MSH1 ) and one for an observational T eff calibration (m MSH2 ). Instead of using spectral type calibrations, a more direct way to derive spectroscopic masses is by carefully fitting model atmospheres to high-resolution spectra, where both g, and T eff are determined simultaneously (see for example Repolust et al. 2004) . Together with its absolute magnitude it is possible to arrive at a mass using Eqs. (6) and (7). A sample of spectroscopic masses derived with this method will also be compared with dynamical and model masses.
Limitations
Although the results presented here cover a large parameter space, they involve some caveats. First of all, both the employed Meynet & Maeder (2003) stellar evolution models, as well as the MSH05 stellar atmospheres, which define our spectral classes, only cover solar metallicity (z = 0.02). Metallicity is known to have a very strong influence on the evolution and atmospheres of (O) stars via their metallicity-dependent winds. The newly developed spectral type definitions for LMC and SMC metallicities are a first step to loosen these limitations, but are not as thoroughly based as the MSH05 work for solar metallicity. Table 9 shows the spectral evolution of a series of massive stellar models of different metallicities (z = 0.004, 0.008, 0.02 and 0.04, Meynet & Maeder 2003 using the spectral type definitions in Table 1 . While these spectral type definitions are based on solar metallicity atmospheres or empirical T eff calibrations (for z= 0.008 and z= 0.004), considerable differences in the evolution are noticeable.
Another relevant aspect for the evolution of massive stars concerns binary evolution. Because many (if not most) massive stars are part of a binary system, often with considerable secondary masses (Preibisch et al. 1999; Apai et al. 2007; Kobulnicky & Fryer 2007; Ritchie et al. 2009; Weidner et al. 2009; Sana et al. 2010) , they could be capable of influencing each other's evolution in a profound manner. Because all observations presented in Table 2 involve eclipsing binaries, all the objects must form tight pairs with reasonably large stars, and therefore binary evolution is bound to be important, but it is a non-trivial matter to account for it.
As was mentioned in the introduction, an additional potential prime source for errors in the mass determination concerns the atmosphere and wind parameters, as well as the mass-loss prescription employed in the evolutionary models.
Dynamical masses of eclipsing binaries
In recent years, observational techniques allowed us to measure masses of very massive stars directly by observing the orbits of massive eclipsing binaries. In Table 2 the dynamical mass estimates for 33 very massive stars are listed. The majority of the stars (22) are from a compilation by Gies (2003) , who provides three lists with massive binaries from the literature. His first list shows detached systems, the second one non-eclipsing binaries (with lower mass limits only) and the third systems, which are either dynamically evolved (semi-detached or contact systems) or contain giants or supergiants. All but two systems from the first list are included in Table 2 as are three systems form the third list, two of them are given as being before the interaction stage and the supergiant V729 Cyg. The systems with lower limits only and the ones which are dynamically evolved are not suitable for the current study and are therefore not included. The remaining eclipsing binaries except one are from literature published after the Gies (2003) list, but which contain the necessary data for this study. The exception is WR22 B, which is not covered in Gies (2003) because the primary is a Wolf-Rayet star.
The dynamical masses from Table 2 involve present-day masses instead of initial masses. This is accounted for by not only comparing the evolving parameters with the luminosity and T eff grid, but by simultaneously keeping track of the initial mass. Therefore, in Table 4 the initial stellar mass for a spectral type is given as well as the possible minimal and maximal mass when the stars enter and leave the respective spectral type. Additionally, the minimal and maximal age is given when the models enter and leave a spectral type.
In addition to dynamical mass determinations, several spectroscopic masses exist for O-type stars. Table 3 shows a compilation of these spectroscopic masses taken from Repolust et al. (2004) , besides the MSH05 masses and the evolutionary masses presented in this work.
Results and discussion
The Tables 4 and 5 show the determined initial masses as well as the mean, minimal, and maximal present-day masses according to the Meynet & Maeder (2003) rotating (300 km/s) and nonrotating stellar evolution models, and the MSH05 O star spectral type definition. Tables 6 and 7 show the same for LMC and SMC metallicities, respectively. The errors shown for the mass determination are the lowest mass and maximum mass models that pass through the spectral type. They also include an error margin of ± 1000 K for the MSH05 spectral type definitions. The differences in the supergiant mass errors from one subtype to the next have two main reasons. Spectral types later than O 6.5 I are Table 4 was used to derive the masses and for the LMC stars Table 6 . reached during stellar evolution from the hot end by more massive stars and the cold end by less massive stars. This results in a larger range of possible masses. Also, the subtypes are not of the same area in the L-T eff -space (see Fig. 1 ). Therefore, some subtypes simply have a higher probability to be encountered by the model tracks. It would be possible to reduce these errors by introducing more luminosity classes, like II, Ia and Ib. But no MSH05 definitions for these classes presently exist.
Furthermore, the table shows the mean time the models spend in each spectral type box. Again, the errors are defined by the lowest and most-massive model passing through the spectral type box, including a ± 1000 K uncertainty for the spectral type definitions. Note that the Meynet & Maeder (2003) models show considerable jumps in T eff and luminosity when the stars enter the Wolf-Rayet phase. These extremely fast crossings (< 50000 years) through the HR-Diagram are not included in the tables.
The newly arrived spectral-type-mass relation, as arrived in Sect. 2, is now compared with the dynamical (Table 2 ) and literature spectroscopic (Table 3 ) mass estimates from Sect. 3.
Comparison with dynamical masses
In Fig. 3 the results of the MSH05 and the present-day mass estimates are compared with dynamical mass estimates for massive stars from the literature as shown in Table 2 . Inspecting the mass estimates, a very large spread is noticeable.
The results of a linear correlation analysis for all stars in the sample are shown in Table 8 . For each sample, the slope and offset of a best-fitting linear relation are given together with the correlation coefficients. The "MSH1" column provides the mass estimates from MSH05 using the theoretical T eff scale, whilst "MSH2" gives the results from their observational T eff scale. "ini", "evol", "start" and "end" are the results arrived at here, with "ini" marking the results for initial masses of the models, "start" the evolved mass when a star enters a spectral type and "end" the one when he leaves it. "Evol" is the mean mass computed from m start and m end . With an offset very close to 0, a slope of nearly 1, and a correlation coefficient of ∼0.9, the MSH05 mass estimates agree very well with the dynamical masses of the sample. Furthermore, the minimal, maximal, and evolutionary present-day masses, which are calibrated on the theoretical T eff scale of MSH05, agree very well with the observed dynamical masses. The offsets are quite close to 0 and slopes similarly close to 1, whilst the correlation coefficients are ∼ 0.9 too. The present-day dynamical masses are therefore quite well reproduced by the models. Note that the errors for the MSH05 based fits are always smaller than the fits with the here-derived values. This is because the MSH05 values involve no errors, and the fit only contains errors in the dynamical masses. The values derived here values also have their own error estimate.
In Figs. 4 to 6 the dynamical masses from Table 2 (open circles) are shown together with the present-day mass range (m start to m end ) for the models (shaded region), for the supergiants (Fig. 4) , giants (Fig. 5) and dwarfs (Fig. 6) . Evidently, most of the dynamical measurements agree well with the models within the error bars. For supergiants and giants the mass ranges for different metallicities are nearly indistinguishable. Only the non-rotating evolutionary models stand out in the case of the supergiants. Because the dependence of mass loss on rotation is not understood very well, this discrepancy is likely very dependent on the assumptions in the stellar evolutionary code. For dwarf stars only the SMC metallicity mass ranges differ visibly from the solar and LMC estimates. Somewhat surprisingly, the earlytype SMC dwarfs seem to have lower masses than their MW and LMC cousins, according to the models and definitions used here. This is almost certainly because of the earlier mentioned perhaps unexpected fact that the Heap et al. (2006) SMC O stars result in a lower T eff scale for O stars than for LMC objects.
Interestingly, all but two of the (dwarf) stars located in the LMC (en-circled circles in Fig. 6 ) lie below the here derived solar and LMC metallicity evolutionary mass ranges, independent of rotation and metallicity. Only the allowed mass range for SMC metallicity covers these stars.
This might be because of binary stellar evolution because it is more difficult to access if the stars are detached or not in the LMC. The lower metallicity of the LMC might also not be ac- Notes. Theoretical masses for O stars from rotating solar metallicity stellar evolution models (Meynet & Maeder 2003) . The first mass (m ini ) denotes the initial mass of the model weighted by the time the star resides in that spectral type. The weighting is done in order to present the most likely mass for a spectral type. The lower and upper mass limit show which range of initial masses can reach a certain spectral type. The mean mass of the star which stays longest in a certain spectral type is denoted by m evol . The third mass (m start ) is the mass with which the star starts when entering this spectral type while the fourth mass (m end ) is the mass at the end of the stay in that particular spectral type. For each subclass is also given the minimal and maximal age the models when they enter it (t start,min , t start,max ) and when the leave (t end,min , t end,max ).
counted for correctly either in the evolutionary models or in the atmosphere models. The large distance to these stars compared to the rest of the sample might also influence the observed values. However, removing these nine stars from the already small sample of only 30 stars would strongly reduce its significance.
In one case (V1182 Aql A) the initial mass is slightly above the dynamical mass for its spectral type, even when considering the uncertainties in the observational and model mass determination. This might be caused by a somewhat optimistic observational error (± 0.6 M ⊙ ) or can be because of binary stellar evolution effects such as mass transfer, or excess irradiation of one stellar hemisphere in tidally locked configurations. 
Comparison with spectroscopic masses
Spectroscopic mass determinations are the only other empirical method to derive stellar masses for single stars and noneclipsing binaries. The hot and usually rapidly-rotating O stars have very broad spectral features, which often result in large error bars from the line-fitting techniques used to fit model spectra to observations. The literature spectroscopic mass values from Repolust et al. (2004) are shown in Table 3 and are also plotted in Figs. 4 to 6 as filled circles. The spread seems to be somewhat larger than the spread of the dynamical mass estimates and it should be noted that several (3 out of 21) of the spectroscopic measurements are so far outside the predictions that the error bars do not overlap. Two of these three stars are giants (HD190864 and HD193682) and one is a dwarf (HD217086). Reassuringly, all supergiants (Fig. 4) overlap at least with their error bars with the model predictions, and apart from the mentioned exceptions all giants and dwarfs, too.
The large spread and the three outlying stars might be because of the generally much larger errors of the spectroscopic masses determinations compared to dynamical ones. Heap et al. (2006) find in their study of SMC stars that the mass discrepancy is reduced but not eliminated when using NLTE line-blanketed model atmospheres. They suggest that the remaining difference is actually a signature of fast rotation that would lower the apparent surface gravity. As also indicated in Table 3 , some of the stars are known binaries and two runaway stars are also included in the sample, though theses stars agree reasonably well with the models. For such objects binary stellar evolution could have strongly influenced the present-day mass, and/or spectrum of the star. Nonetheless, the evolutionary model based spectral-typemass-relation derived here agrees with dynamical as well as spectroscopic mass estimates, suggesting the systematic massdiscrepancy problem might be solved.
Summary and conclusions
With the spectral type definition of MSH05, a relation between O star spectral type and its mass and age was derived for solar metallicity stars. This was achieved by taking stellar evolution models (Meynet & Maeder 2003) and comparing their output luminosities and T eff with the MSH05 spectral type definitions. With the Mokiem et al. (2007) study of O stars in the LMC, the Heap et al. (2006) data for SMC O stars and evolutionary tracks by Meynet & Maeder (2005) and Bertelli et al. (2009) , similar spectral-type-mass-relations were derived for LMC and SMC metallicity. The resulting mass versus spectraltype relation agrees well with dynamical as well as spectroscopic mass measurements from the literature for MW and LMC mainsequence stars. For SMC stars, giants and supergiants too few or no dynamical mass estimates are available for an in-depth comparison. 27 -2/+4 27 -2/+3 27 -2/+3 6.1 6.6 6.1 6.9 O 9.5 III 27 -7/+4 26 -6/+4 26 -6/+4 26 -6/+4 6.5 7.4 6.6 7.5 O 2.0 V 57 -10/+13 56 -9/+12 56 -9/+11 56 -9/+12 0.0 1.9 0. Tables 4 and 5 provide easy access to the mass estimates for a given spectral type based on rotating (Table 4) and non-rotating (Table 5 ) solar metallicity O star models. Tables 6 and 7 provide the same for LMC and SMC metallicity.
Furthermore, the evolution of individual stellar models (Meynet & Maeder 2003 Bertelli et al. 2009 ) through the different spectral types are given in appendix B. For the z = 0.02 and 0.04 the MSH05 solar metallicity definitions of spectral types are used, while for z = 0.008 the LMC ones and for z = 0.004 the SMC ones.
The new calibration of O star spectral types presented here with stellar evolution models provides a valuable new tool to derive O star masses, including initial and present-day masses, and includes an estimate of the errors. Furthermore, the minimal and maximal start and end ages for a given spectral class provide relevant information for statistical studies of roughly solarmetallicity young stellar populations. The relation derived here between spectral type and evolutionary mass agrees very well with dynamical as well as spectroscopic mass estimates for O stars from the literature and is therefore quite robust. No systematic discrepancy between dynamical, model and spectroscopic mass estimates could be found.
Because there are still considerable error margins in the new calibration, more observational and theoretical effort is necessary in order to improve on these. Larger samples of O stars with homogeneously derived parameters and larger sets of evolutionary models with a broader range of initial conditions (v rot , metallicity, magnetic fields and, especially initial mass) would help to improve the calibration. Interestingly, seven out of nine stars located in the LMC (en-circled circles in Figs. 4 and 6) are below or at the lower end of the predicted evolutionary mass range. Even when considering an LMC metallicity luminosity-T eff grid and evolutionary models (dashed lines in Figs. 4 to 6 ). These systematically lower dynamic masses could have several reasons. The influence of metallicity on the atmosphere and stellar models might be underestimated or these stars could be undetected contact systems instead of detached systems. Or stars earlier than O6 in the LMC are systematically misclassified and should all be shifted by one spectral subtype towards later types.
An additional startling fact are the low T eff of the spectral type definitions for SMC metallicities and the resulting lower masses for early SMC O stars. This is probably because of the lack of early O stars in the Heap et al. (2006) SMC study used here to calibrate the SMC spectral types. Yet these lower masses fit the eclipsing LMC (!) early O stars much better than the hot LMC spectral type definitions.
The other major source for uncertainties is massive binary evolution. It is a major obstacle, especially for giant and supergiant systems with dynamical mass estimates. These are generally short-period systems and the increasing radii of giants and supergiants during their evolution make mass transfer highly likely. Whilst the modelling of the relevant processes has significantly improved in recent years (Eldridge et al. 2008; Langer et al. 2008; de Mink et al. 2009; Song et al. 2009; van Rensbergen et al. 2010) , the huge parameter space of hitherto unknown initial conditions (mass ratio, eccentricity, period, orbital inclination) and the possibility of reaching the same final state from different initial ones makes a correction for binary stellar evolutionary effects most challenging.
Given the internal consistency of the three model-dependent mass determinations (M evol , M spec and M wind ) it would be tempting to conclude that the basic properties of main-sequence Otype stars are now well understood. However, we point out that all that wind masses, the MSH05 calibrations, and the rotating Geneva stellar tracks all employ the same underlying mass-loss prescriptions of Vink et al. (2000) , and these have recently been suggested to be too high (e.g. Fullerton et al. 2006 ) as a result of wind clumping. If calls for a fundamental downwards revision for O-star mass-loss rates were proven to be correct, this would undoubtedly result in the creation of new mass discrepancies. It may therefore be considered highly significant that current model masses seem to be backed up by model-independent dynamical masses -boosting confidence in our basic knowledge of the physical parameters, such as its mass-loss rate, and the modelling of the atmospheres and evolution of O-type stars.
Ironically it appears that the O-stars are currently better understood than the adjacent spectral type B-type stars, for which Cantiello et al. (2009, see their Fig. 10 ; with data from Trundle et al. (2007) and Hunter et al. (2008) ) showed a highly significant mass discrepancy, with evolutionary masses up to a factor three larger than spectroscopic ones.
The evolution of stars used in this work is based on the stellar evolution models for solar and non-solar metallicity, rotating with 300 km/s and non-rotating by Meynet & Maeder (2003) and Meynet & Maeder (2005) and each two models with LMC and SMC metallicity (15 and 20 M ⊙ ) by Bertelli et al. (2009) . Model tracks are only provided for stars with 9, 12, 15, 20, 25, 40, 60, 85 and 120 M ⊙ for solar metallicity and even fewer for non-solar metallicity. As the lifetime of the stars and their respective evolutionary stages are dependent on the mass of the star, it is not possible to linearly interpolate between the track of a 40 and a 60 M ⊙ star in order to get, for example, a 50 M ⊙ star. Therefore, a special interpolation routine is employed here. The model tracks immediately above and below the target mass are normalized to their individual lifetimes (the point when the star becomes a neutron star or a black hole). Then the two normalized tracks are interpolated linearly to the target mass. The resulting track is then multiplied with the lifetime for the targeted star. This lifetime is linearly interpolated from the lifetime of the two input models. Figure A .1 shows the stellar evolution of a 85 M ⊙ and a 120 M ⊙ star with time from Meynet & Maeder (2003) for several stellar parameters (luminosity, radius, mass, T eff ) together with an interpolated track of a 100 M ⊙ star.
Appendix B: Spectral-type-stellar evolution tables
The following Table 9 shows the different spectral types that stellar evolution models reach during their lifetime. It uses solar metallicity (Meynet & Maeder 2003) and non-solar metallicities (Meynet & Maeder 2005) and rotating (v rot,initial = 300 km/s) and non-rotating tracks between 20 and 120 M ⊙ . In this table are also shown evolutionary phases that go beyond the O spectral type used in the current work. Below we describe how these additional phases are classified. As the surface abundances for several species (H, He, C, N, O, Ne and Al) are also given in the models, it is possible to assign the beginning of the hydrogen-rich Wolf-Rayet phase (WNL) as soon the surface hydrogen abundance is below 60% (Hamann et al. 2006 ) and the helium-rich Wolf-Rayet phase (WNE) is given when the surface abundance of hydrogen is below 10 −4 . Later on, stars are designated as carbon-rich Wolf-Rayet stars (WC) when helium starts to be depleted on the surface and the carbon abundance rises above 10 −4 . Exceptions from this scheme are made when the stars enter the Luminous Blue Variable (LBV), Yellow HyperGiant (YHG), Yellow Giant (YG), Blue Supergiant (BSG) or Red Supergiant (RSG) phases. The hot end of the LBVs is defined by log 10 (L LBV hot ) = 2.2056 · log 10 (T eff ) − 3.7737 and on the cool edge by T LBV cool = 7500 K with a lower limit of log 10 (L/L ⊙ ) = 5.3 (Smith et al. 2004) . YHGs lie between 4500 to 7500 K and log 10 (L/L ⊙ ) ≥ 5.3 (Smith et al. 2004) . Models that evolve between 4500 to 7500 K, but have log 10 (L/L ⊙ ) < 5.3, are named YGs. The BSGs are stars that are too cold for the O9.5 III or the O9.5 I types, but that are still below the LBV limit and hotter than YHGs. And finally, RSGs are stars colder than 4500 K and log 10 (L) ≥ 3.55 log 10 (L/L ⊙ ) (Levesque 2010) .
The evolutionary sequence for solar metallicity roughly agrees with the currently used observational sequence by e.g. Crowther (2007) :
Where SNIb and SNIc are supernovae type Ib and Ic, although it has recently been suggested that LBVs could explode early (Kotak & Vink 2006; Gal-Yam & Leonard 2009 ), which would significantly alter the later evolutionary phases of these types of schemes. 
